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Abstract
We compute the threshold uncertainties due to unknown masses of the Higgs
bosons on the predictions for the intermediate and unification scales, MI and MU
respectively in SO(10) models.We focus on models with separate breaking scales for
Parity and SU(2)R symmetries since they provide a natural realization of the see-
saw mechanism for neutrino masses. For the two step symmetry breaking chains
,where left-right symmetric gauge groups appear at the intermediate scale, we find
that parity invariance of the theory at the unification scale drastically reduces the
GUT threshold effects in some cases. Including the effects of the intermediate scale
thresholds ,we compute the uncertainty in the above mass scales and study their
implications for proton lifetime and neutrino masses. An important outcome of our
analysis is that if the currently favored nonadiabatic MSW solution to the solar
neutrino puzzle is accepted , it will rule out the SU(2)LXSU(2)RXU(1)B−LXSU(3)c
as an intermediate symmetry for SO(10) breaking whereas the intermediate symmetry
SU(2)LXSU(2)RXSU(4)c, is quite consistent with it.
∗On leave from North-eastern Hill University,Shillong,India
I.Introduction:
The grandunified theories 1(GUTs)provide an elegant extension of physics be-
yond the standard model.The requirement that the gauge couplings constants in these
theories become equal at the GUT scale (MU) lends them a predictive power which
makes it possible to test them in experiments such as those looking for the decay of
the proton.The most predictive such theory is the minimal SU(5) model of Georgi and
Glashow1,where the SU(5) symmetry breaks in one step to the standard model.The
only new mass scale in this model is the MU which can be determined by the unifi-
cation requirement using the low energy values of any two gauge couplings from the
standard model.One then predicts not only MU , but also the remaining low energy
gauge coupling constant (say sin2θW ).It is well known that for the minimal SU(5)
model,they lead to predictions for the proton life-time as well as sin2θW both of which
are inconsistent with experiments.
This however does not invalidate the idea of grandunification and attention has
rightly been focussed on SO(10) 2 GUT models which can accomodate more than
one new mass scale. Supersymmetric SU(5) 3 models also belong to this class. In
this class of two mass scale thoeories,the values of low energy gauge coupling con-
stants can determine both the mass scales again making these theories experimentally
testable.The determination of the values of the new mass scales become more precise
as the low energy values of the gauge coupling constants become better known.It is
therefore not surprising that the recent high precision measurement of αstrong and
sin2θW at LEP
4 once again revived interest in grandunified theories5.
Supersymmetric SU(5) theories have been studied with the goal of predicting the
scale of supersymmetry breaking5.These models however donot have any room for a
nonzero neutrino mass nor natural generation of adequate baryon asymmetry,whereas,
the SO(10) model is the minimal GUT scheme that provides a frame-work for a proper
understanding both these problems.In this paper,we concentrate on the SO(10) mod-
els with a two step breaking to the standard model and study the threshold effects
on the predictions for the two new mass scales i.e. MU and MI .In order to appreciate
the significance of our work, it is worth pointing out that in SO(10) models the scale
MU as usual is related to proton decay whereas the intermediate scale is related to
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neutrino masses if the intermediate symmetry is either of the left-right symmetric
6groups SU(2)LXSU(2)RXGc where Gc is SU(4)C or SU(3)cXU(1)B−L.If the neu-
trino mass is determined independently (say, from the MSW solution to the solar
neutrino puzzle), then the see-saw mechanism determines the range of the required
intermediate mass scale.The viability of a given SO(10) model will then depend on
both the value of MI obtained from renormalization group analysis as well as the
uncertainties in this value arising from threshold corrections.
Let us discuss the kind of SO(10) models we will study here. As is wellknown,the
SO(10) group contains the maximal subgroup SU(2)LXSU(2)RXSU(4)cxD, D being
a Z2 symmetry which implements the parity transformation(as well as particle-anti-
particle transformation). We will refer to this symmetry as D-parity. The actual
nature of SO(10) model depends on what symmetry appears at the intermediate
scales (i.e. between the GUT scale and MW ).The most interesting SO(10) models
are the ones where the symmetry breaking to the standard model occurs in two
steps,with either of the left-right symmetric groups SU(2)LXSU(2)RXSU(4)c or
SU(2)LXSU(2)RXU(1)B−LXSU(3)c (denoted henceforth by G224andG2213 respec-
tively) as the only intermediate symmetry.These are also the theories for which def-
inite predictions can be made.Our work will focus on them. Note the absence of
D-parity at the intermediate scales .Use of Higgs multiplets belonging to 45 and 210
representations to break SO(10) can lead to such a scenerio as was pointed out in a se-
ries of papers in 1984 by us in collaboration with D.Chang7.Let us briefly recapitulate
some other motivation for considering such models.
One of the attractive features of the SO(10) models is that they provide a natural
understanding of the neutrino masses via the see-saw mechanism8.It has however
been noted that, the see-saw mass matrix does not follow naturally in models where
D-parity and SU(2)R breaking scales (MR) are same. On the other hand,if the D-
parity breaking scale MP is such that MP ≫ MR then the see-saw formula emerges
naturally9. This is perhaps the most compelling motivation for requiring the D-
parity breaking scale to be significantly larger than MR.There are however other
motivations from cosmology.If MP=MR, there arise domain walls bounded by strings
at the epoch when SU(2)RXD symmetry breaks down .They dominate the mass
density of the universe making it hard to understand the successes of the big bang
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picture.Such problems do not arise in SO(10) models with separate D-parity breaking
scenerios.Furthermore, exact D-parity leads to nB = nB¯.In SO(10) models where the
baryon asymmetry of the universe arises from Higgs boson decays, the ratio nB/nγ
receives an additional suppression (MP/MU)
2 on top of its small value predicted in
generic GUT models.This mechanism would prefer scenerios with D-parity breaking
scale to be above that of SU(2)R and at the GUT scale . We are of course fully aware
that,if baryon asymmetry arises from the decay of heavy Majorana neutrinos,the
above constraint does not apply.
A complete two-loop analysis of the predictions for sin2θW and proton life-time
in this class of SO(10) models was carried out in ref.10.Depending on the nature of the
Higgs boson spectrum used to implement the symmetry breaking and the nature of
the intermediate symmetry groups,the intermediate scales and the associated physical
implications were discussed. The mean values of the mass scales will be taken from
this paper.
A basic limitation of all grandunified theories is that all mass scale predictions
are subject to uncertainties arising from Higgs boson thresholds11.It has therefore
been argued12 that since the Higgs bosons in question belong to large representations
in SO(10) theories, one might worry that the mass scale predictions derived from two-
loop calculations are completely unreliable. In other words, even if sin2θW and αstrong
are very precisely known,the unification scale MU and the intermediate scale MI will
have large uncertainties. It was however subsequently pointed out that this need not
always be true;for instance, if an SO(10) model has an intermediate symmetry group
SU(2)LXSU(2)RXSU(4)cXD, (G224D) the GUT threshold uncertainties in sin
2θW
exactly cancel out13. This result of course holds only if the intermediate symmetry
is G224D and does not apply to the more interesting models with separate D-parity
breaking ;it also does not say anything about the uncertainties due to intermediate
scale thresholds.It does however give rise to the hope that existence of symmetries
may reduce the net impact of threshold uncertainties. In any case if the grandunified
theories are to be useful,threshold effects must be calculated.In this paper ,we begin
this program for the two SO(10) theories and hope to extend it to other models later
on.The main results of this paper have already been reported earlier14.
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In ref.14 and in the present paper,we adopt the following approach. Using
the evolution equation for the coupling constants, we express the MU and MI in
terms of the known low energy parameters αstrong,sin
2θW and αem and the threshold
corrections due to Higgs bosons .Since the LEP results have considerably reduced
the experimental uncertainty in sin2θW as well as αs,the main uncertainty comes
from the arbitrariness associated with the Higgs boson masses and the theoretical
uncertainties in the scales MU and MI can be computed.The final magnitude of
the uncertainty depends o n how far the scalr masses are split from the symmetry
breaking scale.Using the standard model as a guide,we assume that constraints of
one-loop radiative corrections and unitarity bound on tree level amplitudes would
allow the scalar boson masses to be a factor of 10 on either side of the symmetry
breaking scale. We also present results for a wider splitting of (30)±1 for illustration
even though we believe this to be rather unlikely.
We consider the symmetry breaking chains:
(A)SO(10)→G224→Gstd;
(B) SO(10)→G2213→Gstd .
We compute the Higgs boson threshold effects on the uncertainty in intermediate
scale (MC/M
0
C) in case (A) to be 10
+2.7
−1.4 and that in the value of grandunification scale
i.e. in (MU/M
0
U) to be 10
+.8
−1.7 .This corresponds to a maximum value for τp in case(a) to
be 1040years for αs=.11 and 10
38.4years for αs=.1. For case (B),we find the uncertainty
in (MR/M
0
R) to be 10
+.6
−.3 and that in (MU/M
0
U) to be at most 10
±.2.Note that the
threshold uncertainties are much less than the estimates of ref.6.For αs=.11,we obtain
an upper limit on τp in this case to be 5× 10
36 years.
Using our results in combination with the see-saw formula for neutrino masses,we
find that the presently favored nonadiabatic MSW solution to the solar neutrino puz-
zle rules out the SO(10) model (B) which has SU(2)LXSU(2)RXU(1)B−LXSU(3)c as
an intermediate symmetry.In our opinion this is an important result since this will be
the second GUT model that is being definitively ruled out by experiment. The sym-
metry breaking chain (model(A)) is however quite consistent with data. This paper is
organized as follows: in sec.2,we present a derivation of the formulae for the threshold
uncertainties for the model (A);in sec.3,we derive the contribution of the various Higgs
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multiplets to these uncertainties and give our estimate of these effects.Sec.4,uses the
results of sec.2 and 3 to derive the same results for the model(B);in sec.5, we derive
the implications of our results for the solar neutrino puzzle and in sec.6,we discuss
the implications of our results for proton decay and the effect of adding extra Higgs
multiplets on our result. In sec.7, we close with some concluding remarks.
II.The Formula for the Threshold Corrections : model (A):
Let us now proceed to derive the equations for the threshold uncertainties.We
will illustrate the technique for the model(A). We start with the standard renormal-
ization group equations for the evolution of the gauge coupling constants:
µ
(
dαi
dµ
)
=
aiα
2
i
2pi
+
1
8pi2
Σjbijα
2
iαj (1)
In eq.(1),αi =
g2
i
4pi
and the one loop coefficient ai = −
11N
3
+ 4
3
ng+
T (s)
3
,where ng is
the number of fermion generations and T(s) is the contribution of the Higgs bosons.
The bij are the two loop coefficients,which are not needed here. At each symmetry
breaking threshold,we use the following maching conditions14: (we assume that the
group GI breaks to the group Gi at the scale MI)
1
αi(MI)
=
1
αI
−
λIi
12pi
(2)
In eq.(2), λIi = Tr(θ
V
i )
2+Tr(θHi )
2ln(MH/MI); θ
V
i are the generators of the lower
symmetry Gi for the representations in which the heavy Gauge bosons appear;θ
H
i is
the same for the superheavy Higgs bosons.
Let us now apply the formulae in eq.(1) and (2) to the SO(10) models described
earlier as (A) .Note that since the D-parity has been broken in both cases at the GUT
scale,the Higgs multiplets needed to implement the symmetry breaking in model (A)
are in 210,126 and10 dimensional representations of the SO(10) group.We denote by
MU ,MC and MZ the three symmetry breaking scales and they arise from the vev’s of
the above three Higgs multiplets respectively. The D-parity breaking manifests itself
in the mass of the submultiplet of the 126 representation ∆L (transforming as (3,1,10)
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under G224) being different from the submultiplet ∆R transforming as (1, 3, 1¯0) under
the same group.We postpone any further discussion of the Higgs bosons to the next
section.Let us now derive the formula for the threshold corrections.
Using eq(1) and (2) and the standard Georgi-Quinn-Weinberg type analysis,we
find the following expressions for sin2θW and αs:
16pi
(
α−1s −
3
8
α−1em
)
= Acln
(
Mc
MZ
)
+ AU ln
(
MU
MZ
)
+ Fc + Fλ + Γs (3)
where
Ac = (8a3 − 3a2L − 5aY − 6a
′
4 + 3a
′
2R + 3a
′
2L);
AU = (6a
′
4 − 3a
′
2R − 3a
′
2L);
Fc = 3lnβ(a
′
2L − a
′′
2L + a
′
2R − a
′′
2R − 2a
′
4c + a
′′
4c);
Fλ = −(4/3)(λ
C
3c −
3
8
λC2L −
5
8
λCY +
3
4
λU4c −
3
8
λU2L −
3
8
λU2R).
16pi
αem
(
sin2θW −
3
8
)
= Bcln
Mc
MZ
+BU ln
MU
MZ
+Gc +Gλ + Γθ (4)
where
Bc = (5(a2L − aY )− (5a
′
2L − 2a
′
4c − 3a
′
2R));
BU = (5a
′
2L − 2a
′
4c − 3a
′
2R);
Gc = lnβ(5a
′′
2L − 3a
′′
2R − 2a
′′
4c − 5a
′
2L + 3a
′
2R + 2a
′
4c);
Gλ =
5
6
(λCY − λ
C
2L +
3
5
λU2R +
2
5
λU4c − λ
U
2L)
In the above expressions, ai,a
′
i and a
′′
i denote the the evolution coefficient for
the gauge couplings between MW toMC ,MC to MP and MP to MU respectively.MP
is the scale of D-parity breaking. The Γ’s denote the two loop contributions, which
do not contribute to threshold uncertainties to the leading order and will therefore
be omitted henceforth. The values of the ai’s for model (A) are: a
′′
2L = a
′′
2R = a
′
2R =
11/3, a
′
2l = −3, a
′
4c = −23/3, a
′′
4c = −14/3, aY = 41/10, a3c = −7;
They will be used in the numerical estimates of the various effects. Using eq(3)
and (4), we can express the mass scales MC and MU in terms of the low energy
7
parameters and the threshold contributions.The uncertainties in the low energy pa-
rameters are experimental and can be estimated to be small as we show.The threshold
contributions buried in the λ’s intrduce the theoretical uncertainty having to do with
the fact that the heavy Higgs masses are unknown.
Let us first address the uncertainties due to the experimental errors in sin2θW
and αs which we take
16 as:
sin2θW = .2334± .0008;αs = 0.115± .007 (5)
Denoting by C0 =
16pi
αem
(αem
αs
− 3
8
) and C1 =
16pi
αem
(sin2θW −
3
8
), we get
(∆ln
MC
MZ
)expt = ∆(
C0BU − C1AU
AcBU −AUBc
) (6)
(∆ln
MU
MZ
)expt = ∆(
C0Bc − C1Ac
BUAc − AUBc
) (7)
Using eq.(3) and(4), and the values of various ai’s given above to evaluate the
A’s and B’s , we can now estimate the uncertainty in the quantities MC
M0
C
and MU
M0
U
where
the quantities with subscript denotes the values corresponding to the mean values of
sin2θW and αs:
MC
M0C
= 10±.025;
MU
M0U
= 10±.22 (8)
We will find that these uncertainties are small compared to those arising from
unknown masses of heavy higgs bosons,thanks to precision experiments from LEP
e+e− collider.
Again using eq.(3) and (4) and the expressions for A,B,F and G, we can derive
the following expressions for the uncertainties in MU and MC arising from threshold
effects only:
∆ln
(
MU
MZ
)
= fPM+f
U
M+f
C
M−(AM/Aθ)
(
fP θ + f
U
θ + f
C
θ
)
+(∆lnMC)expt(αs, sin
2θW )
(8)
8
∆ln
(
MC
MZ
)
= −
1
Aθ
(fθ
P + fθ
U + fθ
C) + (∆lnMU )expt(αs, sin
2θW ) (9)
where
fPM =
(
1−
a′′2L + a
′′
2R − 2a
′′
4c
a′2L + a
′
2R − 2a
′
4c
)
lnβ (10a)
fUM =
(
λU2L − λ
U
4c
3(a′2L + a
′
2R − 2a
′
4c)
)
(10b)
and
fCM =
(
5λCY + 3λ
C
2L − 8λ
C
3c
18(a′2L + a
′
2R − 2a
′
4c)
)
(10c)
fP θ = −
(
(a′′4c − a
′′
2L)(a
′
2R − a
′
2L)lnβ
(a′2L + a
′
2R − 2a
′
4c)
)
(10d)
fUθ =
(
(λU4C − λ
U
2L)(a
′
2R − a
′
2L)
6(a′2L + a
′
2R − 2a
′
4c)
)
(10e)
fCθ =
1
6
(
λC2L(a
′
4c − a
′
2R) + (5/3)λ
C
Y (a
′
2L − a
′
4c) + λ
C
3c(a
′
2R + (2/3)a4c − (5/3)a
′
2L)
a′2L + a
′
2R − 2a
′
4c
)
..
(10f)
AM = 1−
(
5/3aY + a2L − 8/3a3c
a
′
2L + a
′
2R − 2a
′
4C
)
(10g)
Aθ = 5/8
(
1
a
′
2L + a
′
2R − 2a
′
4C
)
B (10h)
where
B =
(
(3/5a
′
2R + 2/5a
′
4C − a
′
2L)(5/3aY + a2L − 8/3a3c)− (a
′
2L + a
′
2R − 2a
′
4C)(aY − a2L)
)
In eq(10) ,β =MU/MC. if the intermediate symmetry is G224D,one can still use
the above general expressions,after dropping the fPθ and f
P
M terms in eq(8) and(9).(In
9
this case of course,all a
′
= a
′′
.) Note that,in this case fUθ and f
P
θ vanish. To see that
this is what one expects from the results of Parida and Patra(ref.13), we note that
in their work (ref.13),the uncertainty in MC was assumed to be zero. Using this and
bringing back the sin2θW and αs terms to the equation (9), f
U
θ and f
P
θ terms can be
identified as the GUT threshold uncertainty in sin2θW and therefore their vanishing
in the G224D limit was what was established in ref.12.
III. Survival Hypothesis and Estmation of the Threshold Uncertain-
ties:
In order to give a numerical estimate of these uncertainties,we need to know the
masses of the physical Higgs bosons;more specifically, what submultiplets are at what
mass scale.This can be done using the survival hypothesis for the Higgs bosons17.The
basic assumption of the survival hypothesis is that only a minimal number of fine
tunings of the parameters in the Higgs potential are done as required to ensure the
hierarchy of the various gauge boson masses.In the case at hand we need to fine tune
only two parameters since we have only a two step breaking.The survival hypothesis
then says 17that a submultiplet of the Higgs multiplet of the GUT group,that acquires
a vev to break a given subgroup Gi is stuck at the symmetry breaking scale.The other
submultiplets which transform as complete irreducible representations under Gi get
pushed to the next higher scale.Using this,we find the scales for the Higgs boson
masses .
For the case of model(A),the Higgs multiplets needed are 210,126 and two 10-
dimensional multiplets.They are responsible for the three symmetry breaking scales
MU , MI = MC and MW respectively.As is well-known,the 210 multiplet also breaks
the D-parity symmetry.Using the survival hypothesis,the scales of the different Higgs
multiplets can be obtained and they are listed in table I and II. In table I, we list the
Higgs bosons with masses around MU ;in Table II, the Higgs bosons with masses near
MI are listed.
The U-submultiplet is the Goldstone mode corresponding to the superheavy
Gauge bosons and are omitted in computing the threshold uncertainties.
Let us now give their contributions to the various λU ’s and to final uncertain-
ties.Defining ηi = (ln
Mi
MU
), we find:
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λU2L = λ
U
2R = 6 + 30ηζ0 + 30ηΣ + 20ηζ (11)
Here,we have assumed thatMΣL = MΣR by left-right symmetry.Similarly,ζ1 and
ζ2 effects are combined and denoted by ζ .The coefficients in front of the different η’s
are simply the Dynkin indices of the different multiplets under the different gauge
groups.For instance,for η2L,the Dynkin index is that of the gauge group SU(2) etc.
λU4C = 4 + 2ηH + 2ηS + 32ηζ0 + 24ηΣ + 24ηζ + 4ηζ3 (12)
Repeating the similar procedure for the intermediate scale,we find the contri-
bution to λC ’s to be as follows:
λCY = 1/5 (3ηφ + 2ηR1 + 4ηR2 + 16ηR3 + 32ηR4 + 64ηR5 + 24ηR6 + 14) (13)
λC2L = ηφ (14)
λC3c = 1 + ηR1 + 5ηR2 + 5ηR3 + ηR4 + 5ηR5 (15)
The threshold contributions to ∆ln(MC
MZ
) and ∆ln(MU
MZ
) can now be written down
:
∆ln(
MC
MZ
) = (1.29lnβ + .0259 (−2 + 2η10 + 4η126 + 2η210) + .0017 (65− 15ηφ + 769ηR))
(16)
∆ln(
MU
MZ
) = −.92lnβ − .0621η10 − .124η126 − .062η210 + .031ηφ − .496ηR (17)
In deriving eq(16) and(17),we have assumed that the Higgs multiplets belong-
ing to a single SO(10) supermultiplet have the same mass at a given scale18. This
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implies that ηζ0 = ηS = η126 , ηΣ = ηζ and all ηRi are equal. While there can be
deviations from this degeneracy assumption,their contributions will not change our
results noticeably.Secondly,we allow the eη’s to be between (1/10)and (10) as well as
1/30 and 30. The first case corresponds to allowing the Higgs self-scalar couplings
to range from 10−2 to 102 times the gauge coupling and is better motivated by the
analogy of standard model than the second choice, although,we present the results for
both cases. As mentioned above the value ofM∆L is always kept lower thanMU ,which
corresponds to taking β less than one.Using eq(16) and(17), we compute the uncer-
tainties in the intermediate mass scales as well as the MU .We present these results in
table III. There are two possibilities;one when the uncertaintyinMC is maximized and
another when the uncertainty in MU is maximized. We find the maximal uncertainty
in MU
M0
U
to be 10
+.8
−1.7 whereas that in MC
M0
C
to be 10
+2.8
−1.5 from Higgs boson threshold effects
alone. We will study the impact of our results on the predictions of the SO(10) model
in sec.5.
IV.Threshold Corrections for Model (B):
Let us now turn our attention to discussing model(B),where the SO(10) symme-
try first breaks down at the scale MU to SU(2)LXSU(2)RXU(1)B−LXSU(3)c which
subsequently breaks down at scale MR to the standard model.Again as before the D-
parity symmetry is broken at the GUT scale.The Higgs multiplets necessary to imple-
ment this chain are 45,54,126 and 10 dimensional ones.The D- Bodd component of the
45-dim. Higgs breaks the GUT symmetry.It has been pointed out that 19, without the
presence of 54,45 will break SO(10) down to SU(5)XU(1) rather than G2231.However
as far as the threshold corrections are concerned,in the limit of exact degeneracy
the contribution of the submultiplets of 54 exactly cancel. Let us now present the
equations for the threshold corrections to MU and MR in this case. Using the same
notation as in eq.(8) and (9),(except that we replace MC by MR in eq(9)),we give the
expressions for the various f’s and A’s below. Defining A
′
U = 8a
′
3c−3a
′
2L−3a
′
2R−2a
′
BL
and B
′
U = 5a
′
2L − 3a
′
2R − 2a
′
BL,we get
Aθ =
1
A
′
U
(8a3c − 3a2L − 5aY −
5
B
′
U
(a2L − aY )) (18a)
12
AM =
(
1−
1
A
′
U
(8a3c − 3a2L − 5aY )
)
(18b)
fPθ = lnβ
(
1
A
′
U
(8a
′′
3c − 6a
′′
2L − 2a
′′
BL)−
2
B
′
U
(a
′′
2L − a
′′
BL)
)
(18c)
fUθ =
−1
6A
′
U
(8λU3c − 6λ
U
2L − 2λ
U
BL) +
2
6B
′
U
(λU2L − λ
U
BL) (18d)
fCθ =
−1
6A
′
U
(8λR3c − 3λ
R
2l − 5λ
R
Y ) +
5
6B
′
U
(λR2L − λ
R
Y ) ; (18e)
fPM = lnβ
(
1−
1
A
′
U
(8a
′′
3c − 6a
′′
2L − 2a
′′
BL
)
(18f)
fUM =
1
6A
′
U
(8λU3c − 6λ
U
2L − 2λ
U
BL) (18g)
fCM =
1
6A
′
U
(8λR3c − 3λ
R
2L − 5λ
R
Y ) (18h)
In order to evaluate the threshold corrections,we need the values of gauge cou-
pling evolution coefficients ai’s as well the mass scales of the physical Higgs bosons.
We have a
′′
2L = a
′′
2R = a
′
2R = −7/3,A
′′
BL = 7 a
′
3c = a
′′
3c = −7,a
′
2L = −3,a
′
BL = 11/2
a3c = −7; a2L = −19/6, aY = 41/10.
Next we will use the survival hypothesis to determine the mass scales of the var-
ious Higgs bosons.In table IV,we give the Higgs bosons with masses of order ofMU .We
do not include the components of 54-dim multiplet since in the degenerate multiplet
approximation ,their effects cancel out exactly. The Higgs fields with masses of order
MR are only two in number and are therefore listed in the text.
There are only two Higge multiplets at scaleMR; they are ∆
++
R (1, 2
√
3/5, 1) and
φ(2,−1
2
√
3/5, 1) where the numbers within the bracket refer to their transformation
property under the standard model. Their contribution to the various λ’s are given
below:
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λU2L(126) = 24ηH1L + 12ηH2L + 6ηH3 + 6ηH4 + 16ηH5 + 2ηH6 (19a)
λU2R(126) = λ
U
2L(126)
λU3c(126) = 30ηH1 + 6ηH2 + 4ηH3 + 4ηH4 + 24ηH5 + ηH7 + ηH8 (19b)
λUBL(126) = 12ηH1 + 6ηH2 + 16ηH3 + 16ηH4 + ηH7 + ηH8 (19c)
λU2L(10) = λ
U
2R(10) = 0 (19d)
λUBL(10) = λ
U
3c(10) =
1
2
(ηT1 + ηT2) (19e)
λU2L(45) = 2ηS2 (19f)
λU2R(45) = 2ηS3 (19g)
λU3c(45) = 3ηS1 (19h)
λUBL(45) = 0 (19j)
λRY = 6/5 + 24/5ηR1 +
3
5
ηφ (19k)
λR2L = ηφ (19l)
λR3c = o (19m)
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Using eq(18) and (19) and the values of ai’s,we get for the threshold contribution
to the uncertainties in MU and MR the following expressions:
∆ln(
MU
MZ
) = .0685lnβ − .171η126 − .049η45 − .039η10 − .177ηφ − .146ηR1 (20)
∆ln(
MR
MZ
) = .095lnβ − .083η126 + .033η45 + .062η10 − .06ηφ + .22ηR1 (21)
In order to evaluate the possible uncertainties,as before we keep β less than one
and allow eη to vary between .1 to 10 in one case and 1/30 to 30 in the second case.The
results are given in table III.WE see that in this case the threshold uncertainties are
much less than in model (A). The maximal uncertainty in MR
M0
R
is 10
+.6
−.3 whereas that
in MU
M0
U
is 10±.2.This has
We also wish to note at this point the uncertainties in MU and MR arising from
the errors in αs and sin
2θW : Using the same formula as in eq (6) and (7), we find for
model (B):
MU
M0U
= 10±.25;
MR
M0R
= 10±.18 (22)
V.Solar Neutrino Puzzle and SO(10):
In this section,we study the implications of the results derived in this paper
for solar neutrino puzzle.As is well known,one of the most interesting resolutions of
the solar neutrino deficit is the so called MSW matter oscillation mechanism20.In
this mechanism,resonant enhancement of the oscillation of νe to either νµ or ντ takes
place in the solar core for a range of values of the ∆m2 and the mixing angle θ.In the
so-called high mass (adiabatic) solution, the value of ∆m2 is of order 10−4ev2 with
sin2θ ≃ 0.02− .6 whereas in the nonadiabatic solution,we instead have ∆m2sin22θ ≃
4X10−8eV 2 with ∆m2 ≃ 10−6eV 2 − 8× 10−8eV 2. The combination of Chlorine21 and
Kamiokande 22 and initial Gallium data 23 seems to point towards the nonadiabatic
solution 20. Either of the cases seem to fit quite well with the see-saw picture for the
neutrino masses in the SO(10) model 24 provided one assumes D-parity breaking9.In
the presence of D-parity breaking,the hierarchical quadratic mass formula for neutrino
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masses follows naturally ( a fact,which appears not to have been well appreciated by
many theorists).The point,briefly is that,due to the presence of couplings of Higgs
bosons of type 126.126.10.10,a vev of ∆R induces a vev of the 126 submultiplet ∆L of
order
m2
W
vR
.This leads to a direct mass for all left-handed neutrinos of the same order
invalidating the conventional see-saw mechanism formulae.If however,the D-parity is
broken at the GUT scale,the ∆L vev becomes only of order
9 m
2
W
vR
M2
U
which is smaller
than the see-saw contribution to the neutrino masses.
After the radiative corrections are taken into account25,the formulae for neutrino
masses are:(assuming generation mixings to be small)
mνe = (.05)
m2u
MN
(23a)
mνµ = (.07)
m2c
MN
(23b)
mντ = (.18)
m2t
MN
(23c)
In order to find the neutrino masses,we need to know MN which is given by
MN = (f/g)MR.It can be argued on the basis of vacuum stability
26 that f ≤ g.The
mean value ofMR has been obtained from two loop analysis of the two SO(10) models
in ref.10 and 27. For case (A) we haveM0C ≃ 10
11.5GeV,whereas for model(B),we have
M0R ≃ 10
9GeV.The uncertainty in the exponent due to the error in αs and sin
2θW
is about ±.025 in model(A) and ±.18 in model(B). Including this and the threshold
uncertainties, we find the minimum value of neutrino masses (corresponding to f=g )
to range between the following values:
Model(A):mνe = 6 × 10
−12eV − 2 × 10−7eV ;mνµ = 4 × 10
−7eV − 10−2eV ;
mντ = .006eV − 180eV .
Model(B):mνe = 10
−7eV −10−6eV ;mνµ = 10
−2eV −10−1eV and mντ = 100eV −
1keV .
We see that if the adiabatic solution is ruled out as is currently believed,then
model(B) will be ruled out by the solar neutrino experiments and only model(A) will
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be acceptable. This is an important result in our opinion since there are no other
uncertainties one can hide behind to save this model.
VI.Higgs Boson Related Uncertainty in Proton Decay and Stability
of the Threshold calculations:
In this section ,we discuss two questions:i)the uncertainty in the predictions for
proton decay and ii) the effect of adding extra Higgs bosons to a GUT theory on
the above calculations.First, we discuss the predictions for proton in the two SO(10)
models under discussion.Again using the results of ref.10 and 27 we find that for
αs = .11,the value of MU = 10
15.8 GeV. The uncertainty in αs,leads to an uncertainty
of order 10±.22 (see eq(8) and (22)) multiplying the above value.We predict the proton
life-time for the model(A) to be τp = 1.6 × 10
35±.7±.9+3.2
−6.8 years.For the model(B),we
find, τp = 1.6× 10
35±.7±1.±.8 years.
Let us now turn to the question of the stability of our results. It is sometimes
stated that any additional Higgs multiplet added to a GUT model will add to the
already existing uncertainty.However, in a recent paper28,it has been shown by one
of the authors that if the additional Higgs multiplet does have a vev or has vev in a
gauge direction which has been broken by a Higgs field with the same representation
content,then threshold effects from such multiplets always cancel in sin2θW or the
intermediate scales.This lends a degree of stability to the above calculations.
VII. Conclusions:
In conclusion,we have presented a detailed analysis of the threshold effects due
to the unknown masses of the Higgs bosons and shown their effect on the numer-
ical predictions for the values of the unification and the intermediate scales in two
SO(10) models with a two step breaking. To the best of our knowledge,this is the
first time such an analysis has been carried out for the SO(10) models.An interesting
outcome of this analysis is that the nonadiabatic MSW solution to the solar neu-
trino puzzle is inconsistent with the model(B) which has an intermediate symmetry
SU(2)LXSU(2)RXU(1)B−LXSU(3)c.
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Table Caption
Table I.The Higgs Bosons at Mass scale MU .
Table II.The Higgs bosons with masses at MC ; The numbers within the paren-
thesis refer to the representation content under SU(2)LXU(1)YXSU(3)C The multi-
plet φarises from the φ(2, 2, 0) and the R-multiplets arise from the multiplet ∆R(1, 3, 1¯0).
Table III.In this table, we present our results for the threshold uncertainties in
the intermediate scale and the unification scale for different values of eη.The first four
lines correspond to the case where the uncertainty in MI is maximized whereas the
last four lines correspond to the case where the uncertainty in
Table IV.Higgs bosons with masses of order MU .
Table I
SO(10) Representation G224 submultiplet
10 H(1,1,6)
126 ζ0(2,2,15),S(1,1,6),∆L(3,1,10)
210 ΣL(3,1,15),ΣR(1,3,15),
ζ1(2,2,10),ζ2(2, 2, 1¯0)
ζ3(1,1,15),S’(1,1,1,),U(2,2,6)
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Table II
SO(10) representation G213 submultiplet at MC
10 φ(2,−
√
3/51
2
, 1)
126 R1(1,
√
3/51
3
, 3¯),
R2(1,
√
3/51
3
, 6¯
R3(1,−
√
3/52
3
, 6¯)
R4(1,−
√
3/54
3
, 3¯)
R5(1,
√
3/54
3
, 6¯)
R6(1, 2
√
3/5, 1)
Table III
Symmetry Breaking chain MH/MU orMH/MI MI/M
0
I MU/M
0
U
G224 1/30 to 30 10
+4
−2.1 10
+1.2
−2.5
G2213 10
+.9
−.4 10
+.1
−.2
G224 1/10 to 10 10
+2.7
−1.4 10
+.8
−1.7
G2213 10
+.6
−.3 10±.1
G224 1/30 to30 10
+4.2
−2.2 10
+1.2
−2.5
G2213 10
+.5
−.2 10±.2
G224 1/10 to 10 10
+2.8
−1.5 10
+.8
−1.7
G2213 10
+.3
−0 10±.2
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Table IV
SO(10) representation G2213 content of the heavy boson
10 T1(1, 1,
1
3
√
3/2, 3)
T2(1, 1,−
1
3
√
3/2, 3¯)
126 H1L(3, 1,−
1
3
√
3/2, 6)
H1R(1, 3,+
1
3
√
3/2, 6¯)
H2L(3, 1,−
1
3
√
3/2, 3)
H2R(1, 3,+
1
3
√
3/2, 3¯)
H3(2, 2,−
2
3
√
3/2, 3)
H4(2, 2,+
2
3
√
3/2, 3¯)
H5(2, 2, 0, 8),H6(2, 2, 0, 1)
H7(1, 1,
1
3
√
3/2, 3)
H8(1, 1,−
1
3
√
3/2, 3¯)
45 S1(1, 1, 0, 8), S2(3, 1, 0, 1), S3(1, 3, 0, 1)
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